In this paper, an adaptive segmentation based image processing method is presented for mineral flotation processes so as to obtain an optimal quality profile measure. An optimal structural element (SE) is firstly provided for initial image segmentation where fuzzy c-means (FCM) algorithm is combined with a watershed algorithm. Then, the extracted fuzzy texture spectrum feature is discriminated as either under-segmentation or oversegmentation regions. Finally, the segmentation results are subsequently processed to estimate the output probability density function (PDF) of bubble size distribution, which is the basis of the fault detection and real-time control for flotation processes. Experimental results demonstrate that the proposed method avoids both over-segmentation and under segmentation, and reveal the reliability of bubble size distribution nonparametric density estimation.
I. Introduction
Flotation aims at separating valuable minerals from raw minerals through complex physiochemical processes. By the addition of chemicals and mixture of air, valuable minerals are made hydrophobic to attach to the air bubbles, which rise up to the froth layer on the top of slurry, where the upgraded valuable minerals are collected. Flotation is a multivariate process influenced by many factors, such as reagent dosages of chemicals, air flow, feed ore grade and grinded particle size, etc. The control and modeling of flotation processes are challenging due to the inherently chaotic nature of the underlying microscopic phenomena. At present, the control of flotation process depends heavily on human operators' experience by viewing the visual appearance of the froth. Recent developments in digital image processing provide new opportunities to gain a better understanding of the process 1 . Image processing sensors can provide quantitative measures of froth characteristics, better description of froth appearance and nonintrusive real time monitoring with little maintenance 2 .
The froth characteristics such as the color, bubble structure, morphology and speed are known to be closely related to mineral grade (concentrations), process status and recovery respectively. Literatures are devoted to the extraction of froth image features like bubble size 1, 3 , texture color 4 , froth speed 5 and bubble load 6 . Bubble size feature extraction is a difficult issue in the process. In most actual industry cases the froth images are difficult to segment to achieve accurate characteristic of flotation froth. The reasons lie in that there are thousands of bubbles in an image and the bubbles often link to each other with no void space between them. Moreover, the illumination on the bubble surface is uneven and the edges between bubbles are normally weak, whereas strong edges are found on the border of high light regions (referred to here as white spots) on top of almost every bubble, and the whole image is of a low contrast 7 . Moreover, due to flotation kinetics, different size bubbles distribute unevenly and they are high hybrid.
Therefore, some traditional edge detection algorithms 8, 9 and 10 fail to identify froth images. The watershed algorithm, typically used for identifying large bubbles of consistent size, performs poorly when both large and tiny bubbles appear in an image simultaneously. Since identifying hybrid bubbles depends on different marker and morphological structural elements, by adjusting structural element the result is either over-segmentation in large bubbles region or under-segmentation in tiny bubbles region. Another algorithm based on valley edge tracking 7 , however, does not handle the case well in which the flotation froth image has both large and tiny bubbles. Due to the highly disturbed operation environment, flotation process and light condition make the selection of optimal parameters difficult. A texture spectrum is used to estimate bubble size directly, however, the result is coarse when bubble is large 11 . Gordon Forbes proposed that by performing multiple passes of the watershed algorithm to localized areas, the areas with large bubbles were processed with different structural elements to the areas with tiny bubbles 12 . However, the optimal structural elements are difficult to determine.
In image segmentation Lefevre proposed method 13 that needs to set the markers manually and is not a completely automatic segmentation solution. Morphological algorithms, particularly watersheds, are non-linear image processing technique which is proven to be a very powerful tool in image analysis 10, 14, 15 . However some appropriate structural elements must be determined before hand. In order to delineate froth image adaptively in different bubble size, this paper presents an FCM algorithm 16 which consists of a flexible morphological methodology using pattern spectrum, connected filters 17 and watershed transform 18 so as to obtain an adaptive segmenting froth of different size and shape.
II. A flotation process and its experiment set-up
The froth flotation process entails crushing and grinding of the raw ore to a fine size. In a flotation cells the mixture and air are agitated continuously to form bubbles as shown in Figure 1. www.instmc.org.uk Themed Paper: Adaptive Image Processing for Bubbles in Flotation Process Experiments are carried out on industrial scale in a bauxite flotation plant of China. The test set-up consists of RGB cameras with 49mm lens which is placed 110cm above the surface of flotation froth layer. Froth image sequences, derived from videos captured at the rate of 7.5 frames/s, are collected from individual flotation cell with a volume of 16m3. The window size of each image in a cell is set to 12×9cm2. It is crucial for high-quality images to be collected at the specific positions of the surface. The camera is mounted above the target cell with a video output transmitted by optic fiber to the digital computer.
As discovered, froth images from industry field show that: (1) a froth image is fully occupied by bubbles with no void space or background region between bubbles; (2) the illumination on bubble surface is uneven; (3) each bubble has a convex shape which leads to the appearance of white spots generally on the top. Human operators usually check the feed ore grade (input) in rougher cells, tail grade (output) in scavenger cells and cleaning grade (product) in cleaning cells ( Figure 2) . The operators take control actions based on feedback of minerals grade measured by either X-ray fluorescence (XRF) analyzer or titration, which is delayed with sampling interval 10-20min for XRF and 2-3h for titration. To estimate the mineral grade, bubble images should be acquired from rougher, scavenging and cleaning cells by installing the cameras in positions as shown in Figure 2 .
III. Froth image adaptive segmentation algorithm
The flowchart of adaptive segmentation algorithm structure is shown in Figure 3 . A fuzzy c-means clustering algorithm is applied to extract froth region. The size and shape pattern spectrum is applied to evaluate bubbles size and shape information, and give optimal structuring elements for morphological operation. This is followed by morphological operations that filter out image noises and provide required markers with watershed algorithm. An initial watershed segmentation is produced by applying the rainfall simulation. The bubble local feature is extracted by fuzzy texture spectrum, and the regions are classified by support vector machine (SVM). The significant amount of under-segmentation can therefore be reduced with a second watershed procedure.
Fuzzy c-means (FCM) clustering algorithm
FCM clustering is suitable for image segmentation when the number of clusters (C) is known 16 . A suitable value of C would be 3 for a froth image of the head typically composed of regions representing froth superficial, bubble vertex and background slurry. It should be noted that the number of clusters may be smaller than the number of partitions obtained after clustering because the FCM clustering algorithm operates on the histogram of the image. Figure 4 shows classical watershed algorithm simulation with the FCM algorithm. In Figure 4 (a), a regional minimum is a point or a group of connected points with the same grey level. Watershed methods are used to establish a topographic analogy between digital images and the way the water flows through a real terrain surface. According to this, for rain simulation-based methods, a regional minimum is the area of the surface where the rain water would be trapped without flowing to lower levels. In Figure 4(b) , there is no clustering algorithm, and as a result some low gray basins are preserved and these basins are noise. In Figure 4(c) , the low gray basins are transformed into regional minimum by clustering algorithm, which can remove some image noises.
Optimal morphological structural element selection
To smooth the bubble contour and remove image noise, an area of opening operation with optimal structuring element is proposed. The Themed Paper: Adaptive Image Processing for Bubbles in Flotation Process opening eliminates the portion smaller than the SE while preserving the other portion of the objects. This ability of the opening quantify the distribution of objects and is important for the definition of the pattern spectrum 17 .
Attribute based connected operators may also be based on shape criteria. They are generally non-increasing operators which are scale, rotation and translation invariant. Idempotent shape operators define a shape filter and shape operators insensitive to size define granulometries.
Since the opening removes the portion smaller than the SE, the difference of the images opened by the SE of size n and size n+1 contains the portion of size n. The original image is decomposed into sets of the SE of various sizes and shapes. The normalized pattern spectrum, which is defined as the ratio of the original pattern spectrum to the sum of the pixel values over the whole original image, is often used. The spectral values of the normalized one indicate the ratio of the portions of a certain size to the whole image. The normalized pattern spectrum is called the size and shape distribution.
Based upon the above discussion, the following idea can be inspired: the SE of best resembling is obtained by seeking the SE that produces the spectral values whose variance is the smallest. This is achieved by repeating a modification of the SE and the evaluation of the size distribution. Such procedure is equivalent to the optimization process of the SE under the criterion of the smallest variance of size distribution, and can be realized by the method known as the PSO, simulated annealing and GA. In our experiment PSO is used to yield the optimal parameter.
Morphological process and watershed segmentation
In most flotation industrial cases, the froth images are captured in a dusty environment with noises downgrading the image. Morphological opening filter can remove the noises efficiently 14 , but perhaps cause the boundaries of different gray level to shift. In order to remove noises and retain the boundaries and shapes, an area opening and closing operation is applied to image de-noising, which can preserve the shape and size feature. The concept of watersheds is well known in topography and Vincent and Soille gave simulated immersion algorithm 18 .
Bubble regional texture feature extraction
In a segmented image each region should be homogeneous with respect to some feature such as gray level or texture and adjacent regions should have significantly different features. Experimental and quantitative studies proved that the fuzzy texture spectrum can accurately capture the features of homogeneous images in accordance with human intuition. Furthermore, using discriminatory and entropy measures, the robustness of the fuzzy texture spectrum and its superior performance to the original encoding are guaranteed.
The texture information of pixel can be extracted from a neighborhood of 3*3 pixels which represents the smallest complete unit with eight directions surrounding 19 . To provide a flexible way of assigning values to the texture unit boxes of the texture units (TU), Themed Paper: Adaptive Image Processing for Bubbles in Flotation Process the boxes will have three associated membership values, each showing the degree to which the gray level of the corresponding pixel is smaller (0), equal (1) or greater (2) than that of the central pixel. The size of the image is 46×32. Figure 5 shows fuzzy texture spectrum feature extraction. The tiny bubble image should be reflected within the spectrum by the appearance of peaks de-concentration, where their frequency within the spectrum should be higher than that obtained for the texture unit numbers corresponding to the rest of TU. However, the fuzzy texture spectrums of large bubble are concentrated.
Regional image classification
Using support vector machine (SVM) introduced for pattern recognition 20 excellent classification rates are achieved in the experiments of texture classification. Since the purpose is to identify over-segmentation and under-segmentation regions the bubble classification should be a two-class problem. An SVM constructs a binary classifier from a set of labeled patterns called training examples and the optimal separating hyperplane maximizes the margin between the classes. Feature vector represents the class when output is positive and the alternative class when output is negative. Since RBF kernel has less hyper parameters and numerical difficulties in nonlinearly mapping samples into a higher dimensional space, RBF kernel function is adopted and performs well.
Region merging
Even when an optimal structural element is selected some bubble may be over segmented. For a single bubble, the smaller the partition number the better the result is. Based on spatial rule a region merging method is introduced in this paper 21 . Before region merging the size of every segmentation region is taken into account. If a froth region is too small to contain an entire bubble,the region will be merged. Merging size threshold is the mean size of all partition.
Image segmentation evaluation method
Expert manual segmentation generally gives the best and most reliable results when identifying structures for a particular clinical task. However, this task is time-consuming, tedious, and undesirable for online use. Due to the lack of true ground information the quantitative evaluation of a segmentation method is difficult to achieve. In this paper, an alternative is to use manual-segmentation results as the true ground information.
IV. Nonparametric density estimation
Nonparametric density estimation has the desired property of capturing an unknown distribution of a continuous process, such as the segmentation results of the images for the bubble size distribution. To describe the dynamic stochastic process the conditional probability of output is defined. To approximate conditional output PDF many literatures have been devoted to the nonparametric estimation including kernel methods, orthogonal methods, the histogram and their varieties 22 . More recently Wang et al proposed the B-spline expansion models that successfully tracked the output PDFs to a target distribution shape by using various control approaches 22 .
The characteristics of the size distribution of froth segmentation results show that the output PDF is smooth but with spikes, with an obvious long tail skewed to the left. Therefore, a kernel methods estimators is used to approximate the output PDF of bubble size distribution 23 .
V. Experimental results
To validate the effect of FCM clustering algorithm for the proposed segmentation method, some experiments related to fuzzy weight index and cluster number were conducted. Figure 6 shows that when fuzzy weight index increases the image segmentation accuracy would decrease. On the other hand, it has been noted that when cluster number increases the image segmentation accuracy also decreases. As a result when the cluster number is 3 the highest accuracy is achieved. The parameter sigma of the RBF kernel function and the regularization parameter C are adjusted by "grid-search" on C and cross-validation on sigma. Basically pairs of sigma, C are tried and the one with the best cross-validation accuracy is picked. Trying exponentially growing sequences of C and sigma is a practical method for identification. Since a complete grid search may still be time consuming, we recommend to use a coarse grid first. Then a finer grid search on that region can be conducted.
Through the optimal SE selection algorithm the optimal size of SE is 4. Meanwhile, in order to validate the segmentation algorithm several different algorithms are applied to a same froth image. Figure  7 gives some different results, where Figure 7(a) shows original image and the true ground information is obtained by expert manual delineate as shown in Figure 7(b) , and the partitions is 580. However, classical segmentation is 16939, from the image it can be concluded that an over-segmentation occurs. The partition of watershed segmentation based on FCM is 356, it is under-segmentation. The regional number of valley edge segmentation is 560, which looks like an acceptable result. The regional number is 570, which is the best result.
On the basis of image segmentation the binary partition image can be obtained, which can be used to analysis every bubble size and size distribution statistics is conducted. Fig.8 shows the segmentation result and bubble size distribution and a histogram with 64 bins is used. The normal distribution described using a mean and standard deviation is unable to fully describe the bubble size density. It is found that all the typical froth size distributions in rough cells tend to have a long tail with skewness to the left.
Nonparametric nonlinear density estimator in section IV is applied to approximate the size probability density, which is heavily skewed to the left. As shown in Figure 9 (a) the histogram display of froth image Figure 9(a) is illustrated, the red solid line represents the estimation which accurately approximates the size density distribution. The red dotted line shows the estimation of kernel method applied on the 570 bubble area distribution. Obviously the kernel estimator has produced a good result. A Machine Vision System based froth analyzer 3 consisting of a RGB camera, a lamp and a hook is installed above the surface of froth layer in the industry field, which provides the online acquisition of froth videos and images. Figure 9 (b) gives a demonstration of real time 3-D mesh plot of output PDF. In this experiment there are three different froth images which correspond to three working conditions. The online monitoring of operational parameter and chemical addition can be accomplished by observing the real time variance of output PDFs distribution shape. 
VI. Conclusions and future works
In this work online acquisition of froth videos and images is made available by installing froth analyzer. FCM algorithm is utilized to remove noises for watershed algorithm. Morphological paten spectrum is introduced to solve the structural element selection problem. The under-and over-segmentation is avoided by adaptive watershed segmentation. Statistic bubble size distribution is described by using kernel estimator to approximate the output PDF. The monitoring of the flotation process can be implemented by transforming the problem of tracking output bubble size PDF to the problem of tracking kernel estimation vectors. Using the probability density functions on the bubble size etc, stochastic distribution control strategies 24 can be developed that provide a real-time feedback control for the flotation process so that the actual bubble statistics can be made to follow their target PDF distribution shape. This constitutes our future work.
